Abstract. The ultimate goal of this study was to establish an in vitro system to produce sperms. To pursue this goal, immature porcine testicular cells were cultured in stereostructural form and cultured testicular cord was investigated morphologically. At 4 weeks of age, the seminiferous tubules of the porcine testes consisted of undifferentiated germ cells (gonocytes and undifferentiated spermatogonia) and immature Sertoli cells. The interstitial tissue was largely occupied by Leydig cells. The testes were enzymatically digested, and the dispersed cells were encapsulated with alginate either immediately or after freeze-thawing. The resulting testicular cell cords were cultured for up to 10 weeks. After 2 weeks of culture, Sertoli cells, which were identified by their inhibin-positive reaction in immunohistochemistry, and Leydig cells, which were identified by their morphological characteristics, were observed in the cords. Neither undifferentiated nor differentiated types of germ cells were detected. The number of cells in the cords progressively decreased during the culture period. In order to discover the fate of the Sertoli cells, the level of inhibin in the spent media was determined. Inhibin in the media was at a detectable level after 2 days of culture. The levels increased and peaked at 2 weeks. When frozen-thawed testicular cells were applied to the culture, the peak level was maintained for over 8 weeks, in contrast to the gradual decrease of inhibin level when fresh cells were cultured. These results indicate that the culture conditions can sustain the survival of Sertoli cells. Further improvement is required for proliferation and differentiation of germ cells. x e n o g r a f t o f t e s t i c u l a r t i s s u e i n immunotolerant mice [3] [4] [5] [6] have succeeded in producing spermatids or sperms, possibly because the germ cells had favorable circumstances for completion of spermatogenesis. These methods could offer a way to generate offspring from sterile males as a result of immaturity, senility, or other causes.
permatogenesis is a lengthy and complex p r o c e s s t h a t i n c l u d e s p r o l i f e r a t i o n o f spermatogonia, meiosis of spermatocytes, and transformation of spermatids to spermatozoa. To date, tremendous efforts have been made to develop artificial systems to produce competent haploid cells [1] , but further advancements are still r e q u i r e d . A n o p t i m a l e n v i r o n m e n t f o r proliferation and differentiation of germ cells must be formed by enhanced cross-talk among germ cells and various somatic cells in the testis. Several in v i v o m e t h o d s , s u c h a s s p e r m a t o g o n i a l transplantation into the seminiferous tubules [2] a n d x e n o g r a f t o f t e s t i c u l a r t i s s u e i n immunotolerant mice [3] [4] [5] [6] have succeeded in producing spermatids or sperms, possibly because the germ cells had favorable circumstances for completion of spermatogenesis. These methods could offer a way to generate offspring from sterile males as a result of immaturity, senility, or other causes.
Besides these in vivo methods, in vitro methods for spermatogenesis have also been developed in rats and other animals. In vitro systems are more advantageous than in vivo ones for analytical investigations of molecular regulatory mechanisms of spermatogenesis. In rats, co-culture of testicular cells and culture of seminiferous tubular segments have revealed that the entire meiotic process could occur during the incubation period [7, 8] . Moreover, attempts have been made in mice and sheep [9, 10] to establish immortal Sertoli cell lines, which could be useful tools in the study of the communication between Sertoli cells and germ cells in the process of germ cell differentiation. Completion of meiosis has been reported in longterm culture of an immortal mouse germ cell line [11] and fractionated bovine undifferentiated spermatogonia [12] .
A stereostructural culture system has been developed using neonatal bovine testicular cells. During 10 weeks of culture, neonatal germ cells could complete meiosis and bear haploid germ cells [13, 14] . Expecting this method to have potential, w e a p p l i e d i t t o p i g s p e r m a t o g e n e s i s . Consequently, it became apparent that the system w a s i n s u f f i c i e n t f o r p r o l i f e r a t i o n a n d differentiation of germ cells, but was able to sustain protracted survival of Sertoli cells.
Materials and Methods

Encapsulation and culture of testicular cells
Porcine testes at 4 weeks of age were treated by t h e m e t h o d o f L e e e t a l . [ 1 3 ] , w i t h s o m e modifications. Briefly, after removing the tunica albuginea, the testes from crossbred piglets (Landrace × Large white × Duroc, born at the National Institute of Livestock and Grassland Science, Tukuba, Ibaraki) were 2 cut into small pieces in Dulbecco's PBS (Nissui Co., Tokyo) and digested in Dulbecco's PBS containing 1 mg/ml collagenase (Type A, Sigma-Ardrich Chemical Co., St. Louis, MO, USA), 10 µg/ml DNase (SigmaArdrich), 1µg/ml soybean trypsin inhibitor (SigmaArdrich), and 1 mg/ml hyaluronidase (SigmaArdrich) at 32 C for 30 min., with shaking at 80 rpm per min. The resultant tubule fragments were then digested in Dulbecco's PBS containing 10 mg/ml collagenase, 10 µg/ml DNase, and 1 mg/ml hyaluronidase at 32 C for 20 min. with shaking. supplemented with 10 µg/ml insulin (SigmaArdrich), 10 µg/ml apotransferin (Sigma-Ardrich), 1 mM pyruvate (Sigma-Ardrich), 10 µg/ml vitamin
-7 M testosterone (Sigma-Ardrich), 10% fetal calf serum, 100 IU penicillin G, and 1 mg/ ml streptomycine sulfate. Approximately 50% of the medium was replaced on alternate days.
Histological examination
Testes and encapsulated cords were fixed in Bouin's fluid, embedded in paraffin wax, and sectioned. The sections were stained with h e m a t o x y l i n a n d e o s i n o r u s i n g t h e immunostaining method. For immunostaining, deparaffinized sections were autoclaved in 0.1 M sodium citrate buffer (pH 6.0) at 121 C for 10 min. The other procedures have been described previously [15] . Goat IgG against inhibin α-subunit (GB, [16] ) was used at 1:8000 and goat IgG against Notch1 (C-20, Santa Cruz Biotechnology, Inc., Sant Cruz, CA, USA) was used at 1:100. In order to enhance the reaction, a VECTASTAIN Elite ABC Kit (Burlingame, CA, USA) was used with diaminobenzidine as the visualizing material.
Inhibin assay
Concentrations of total inhibin in the medium were determined by competitive immunoassay using europium (Eu)-labeled inhibin A as the probe [17] . Anti-inhibin serum was provided by Dr. K. Taya (Tokyo University of Agriculture and Technology, Fuchu, Tokyo), and bovine 32 kDa inhibin was provided by Dr. Y. Hasegawa (Kitasato University, Towada, Aomori). The detection limit of the assay was 0.078 ng/ml, and intra-and interassay coefficients of variation were 11.0% and 15.5%, respectively.
Statistics
Data are shown as means ± SEM. The data were analyzed usi ng the General Linear Model Procedure of Statistical Analysis Systems. When a significant effect was detected by analysis of variance (ANOVA), the significance of the difference between the means was assessed using Duncan's multiple range test. A value of p<0.05 was considered to be significant.
Results
Spermatogenesis in immature pig testes
At 4 weeks of age, the seminiferous tubules consisted of Sertoli cells, undifferentiated germ cells, and spindle-shaped myoid cells, which surrounded the tubules (Fig. 1A) . Sertoli cell nuclei lined the periphery of the tubules. The germ cells were large and round, with a round nucleus. They were located close to or between the nuclei of Sertoli cells. Besides the seminiferous tubules, the interstitial tissue occupied a large part of the testes.
The main cellular element of the interstitium was Leydig cells. They were identical, with a large round shape and small round nuclei, and were positioned close to the peripheral of the cells. When the sections were immunostained with Notch1 antibody, the cytoplasm of most of the germ cells showed a positive reaction (Fig. 1B) , which was consistent with a previous report in mice [18] . Some of the germ cells, which were in mitotic metaphase as evidenced by a condensed chromatin, showed a negative reaction. The cytoplasm of Sertoli cells revealed a marked positive reaction with the antibody to inhibin α-subunit (Fig. 1C) . Since the germ cells did not show a positive reaction, they appeared 'blank' in the tubular section. Leydig cells did not show a positive reaction to Notch1 or inhibin antibody.
Morphology of the encapsulated testicular cell cords
Encapsulated testicular cell cords maintained their integrity and dimensions for the 10 week culture period. When the cords were histologically examined, the cells were distributed entirely in the cords, with a high density at the beginning of the culture. However, a progressive decrease in numbers was observed at 4 weeks and later (data not shown). The remaining cells were distributed unequally in the cords and seemed to be a cellular lump. The size of the lump became smaller with the passage of time. When immcunostained with inhibin, several cells in the cord gave a positive reaction, revealing that they were Sertoli cells (Fig.  2) . The other cells in the cord were negative to inhibin. Most of the negative cells were identified as Leydig cells because of their morphological characteristics, an oval nucleus with a chromatin rim boundary. Despite investigation with serial sections, neither Notch1 positive cells nor cells with morphological features of developed germ line cells could be detected in the cord at any point of the culture. No obvious morphological differences were observed when cryopreserved cells were used for the culture, compared to the culture using freshly prepared cells.
Inhibin secretion from testicular cell cords
When the cords reconstructed with fresh or frozen-thawed testicular cells were cultured, the spent medium of each group contained a detectable level of inhibin beginning on day 2 of culture ( Fig.3) . The peak level was observed at 2 weeks in both groups. In the group with fresh cells, the concentration gradually decreased afterward, and a significantly lower level than in week 0 (=2 days) was detected at 7 weeks. On the other hand, the group with frozen-thawed cells remained near the peak level up to the 8th week of culture. This type of lengthy secretion of inhibin was observed regularly when cryopreserved cells were cultured.
Discussion
In the present study, we applied the culture system of bovine testicular cells in stereostructural form to the immature porcine testis. The collected cells were supplied to the culture immediately or frozen once for storage before culture. Both treatments resulted in an increasing level of inhibin in the medium during the first 2 weeks of culture. These results indicate that inhibin-producing cells could survive during the period. On the inhibin assays, we utilized a goat IgG against inhibin α-subunit as the probe. This means that the concentrations in this study are equal to the total amount of inhibin α-subunit that is dimerized with an inhibin β-subunit (βA or βB) and released as a monomer. Immunohistochemical examination revealed that the Sertoli cells were a major site of inhibin α-subunit production in the immature testis, which is consistent with previous reports [19] [20] [21] . Therefore, the culture system could offer the proper circumstances for Sertoli cells to retain viability. To date, such long term viability for porcine Sertoli cells in culture has yet to be reported.
The cryopreserved cells were able to continue secretion of inhibin up to week 8. This lengthy secretion of inhibin by cultured Sertoli cells might reflect the proliferation of Sertoli cells under these conditions. Sertoli cells are believed to have a specific period of proliferation, and to lack mitotic activity afterward. The timing of the initiation and duration of the period is species-specific. In rodents, for example, prolific mitotic activity has been detected in the perinatal period [22] . In pigs, different timing and duration were reported by morphometry of the testes in various breeds and their crossbreeds [23] [24] [25] . In addition, McCoard et al. [26] detected proliferative activity in 4-week-old white composite (Yorkshire × Landrace) boar testes. Strangely, Sertoli cells cultured immediately after harvest from the testis showed a tendency to decline after 2 weeks. The reason for the different profile of inhibin secretion from the cryopreserved cells is unclear.
A p r e v i o u s r e p o r t s h o w e d t h a t t h e stereostructural form of neonatal bovine testicular cells could advance differentiation of germ cells [13] . The components of the seminiferous tubules in the porcine testis at 4 weeks of age, i.e. gonocytes or undifferenticated germ cells and immature Sertoli cells, were similar to those of the neonatal bovine testis [23, 27, 28] . Application of this system to the porcine testis, however, failed to sustain survival of germ cells. After 2 weeks of culture, the encapsulated testicular cell cords contained Sertoli cells and Leydig cells, but neither undifferentiated nor differentiated germ cells were detected in either c u l t u r e s u s i n g f r e s h l y p r e p a r e d c e l l s o r cryopreserved cells. Disappearance of germ cells indicates insufficiency of the system in allowing porcine germ cells to survive. To date, various kinds of growth factors have been shown to stimulate germ cell proliferation and meiotic differentiation. Dirami et al. [29] reported that stem cell factor and granulocyte macrophage-colony stimulating factor increased the survival rate of porcine spermatogonia. In the culture of germ cell lines or long-term culture of rodent germ cells, the combination of several kinds of growth factors, including glial cell line-derived neurotrophic factor, leukemia inhibitory factor, and basic fibloblast growth factor, has brought successful results [11, [30] [31] [32] . On the other hand, without any additional factors, an optimal concentration of fetal b o v i n e s e r u m i n t h e M E M c o u l d i n d u c e undifferentiated bovine spermatogonia to develop into spermatids [12] . The culture medium in this study contained fetal calf serum, FSH, and some nutrients. Supplementation of culture medium with proper combinations and concentrations of growth factors could improve proliferation and differentiation of germ cells. Further investigation is in progress to improve the culture system.
In conclusion, the culture system using stereostructural cords reconstructed with immature porcine testicular cells was capable of sustaining protracted survival of Sertoli cells, but not germ cells. Optimization of the culture conditions might allow undifferentiated germ cells to survive, complete the meiotic process, and generate haploid germ cells.
